). Green and Kehinde have shown that the differentiation of mouse fibroblasts to adipocytes also can be induced by insulin (6). Similarly, Sager and Kovac observed that Chinese hamster embryo fibroblasts can be induced to differentiate into adipocytes by treatment with azaC or insulin (7). Based on these observations, these authors suggested that insulin, like azaC, is probably acting through hypomethylation of DNA.
ed. The active TK gene in three insulin-induced TK' lines also was methylated, but the methylation patterns in the insulininduced lines all were different from the uninduced TK-line. These data suggest that extensive hypomethylation of the inactive TK gene is not required for insulin induction. Four other transformed lines containing an inactive viral TK gene were tested for insulin inducibility, but insulin was unable to induce expression of the TK gene in any of the other lines. Thus, insulin inducibility does not seem to be a function of the viral TK gene itself. These results suggest that insulin inducibility of the viral TK gene may be a reflection of the region of the host genome into which the TK gene was integrated.
In order to examine the molecular mechanisms of gene regulation in mammalian cells, we have studied the expression of a herpes simplex virus type 1 (HSV-1) thymidine kinase (TK) gene transferred into mouse L cells (1) (2) (3) . Our recent studies suggested a role for DNA methylation in the regulation of the HSV TK gene in these cells. We demonstrated that the active HSV TK gene in one line of transformed cells is hypomethylated, whereas the inactive HSV TK gene in a TK-derivative of these cells is methylated. Treatment of these TK-cells with the pyrimidine analog 5-azacytidine (azaC), which causes hypomethylation of DNA, induces the reactivation of the HSV TK gene, and the TK gene in the reactivated cells was shown to be hypomethylated (3) .
Taylor and Jones have shown that azaC can induce mouse fibroblast-derived cells to differentiate into a variety of cell types, including adipocytes and myotubes (4, 5) . Green and Kehinde have shown that the differentiation of mouse fibroblasts to adipocytes also can be induced by insulin (6) . Similarly, Sager and Kovac observed that Chinese hamster embryo fibroblasts can be induced to differentiate into adipocytes by treatment with azaC or insulin (7) . Based on these observations, these authors suggested that insulin, like azaC, is probably acting through hypomethylation of DNA.
In order to examine the possibility that insulin influences gene expression by hypomethylation of DNA, we analyzed the ability of insulin to induce the expression of the inactive, hypermethylated HSV TK gene that we had shown previously to be inducible by azaC. Our results indicate that (i) insulin is capable of inducing the expression of the inactive, methylated TK gene, and (ii) this induction is accompanied by some alterations in the methylation pattern of the TK gene but is not dependent upon the extensive hypomethylation associated with azaC induction. Because we found that not all inactive HSV TK sequences can be induced by insulin, we suggest that insulin inducibility is not a function of the HSV TK gene sequence itself but may reflect the properties of the region of the host DNA or chromatin into which the viral gene has been integrated.
MATERIALS AND METHODS
Media. Cells were routinely grown in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (E medium). For maintenance or selection of HSV TK+ cells, HAT medium [E medium supplemented with 0.1 mM hypoxanthine, 0.14,M aminopterin, and 10 ,M thymidine (8)] was used.
Cells. LH-1 (TK+) and LH-2 (TK+) cells were derived by treatment of LM(TK-) clone 1D cells with ultraviolet-irradiated HSV-1, followed by selection for the TK+ phenotype with HAT medium (8) as described (1) . HT-12-1 (TK-) and HT-Y (TK-) cells were derived from LH-1 and LH-2, respectively, after prolonged growth in the absence of HAT selective pressure (1) . Both HT-12-1 and HT-Y cells contain a methylated and unexpressed TK gene as described (3) .
Tag 9b2a clone 1 (TK-) and Tag 9b2a clone 2 (TK-) cells contain a hypomethylated and unexpressed TK gene. These cells were isolated by transfection of mouse TK-cells with a plasmid containing the 3.4-kilobase (kb) BamHI TK fragment of HSV-1 DNA (9), followed by selection for the TK+ phenotype with HAT medium and subsequent back-selection for the TK-phenotype with medium containing 30 Ag of 5-bromo-2-deoxyuridine per ml (unpublished data). KjB6
(TK-) cells contain a methylated and unexpressed TK gene. These cells were isolated in the same manner as Tag 9b2a cells, except that the initial transfection utilized a 5.0-kb Kpn I fragment of HSV-1 DNA (10). K1B6 cells were provided by S. Silverstein.
Induction of the TK+ Phenotype by Insulin. In most experiments, 5 x 104 TK-cells were plated in 100-mm plastic tissue culture dishes containing E medium with or without bovine insulin (Sigma). Insulin stock solutions were prepared (in 0.05 M HCl) immediately before addition to the culture dishes. After various periods of exposure to insulin, the medium was replaced with fresh E medium, and 2 days of expression time (in the absence of insulin) were allowed before selection for the TK+ phenotype. (For long exposures to insulin, the medium was renewed every 5 days). For selection, cells were plated at a density of 1 x 106 cells in 100-mm dishes containing HAT medium. To determine plating efficiencies, 1 x 102 cells were plated in 60-mm dishes conAbbreviations: TK, thymidine kinase; azaC, 5-azacytidine; kb, kilobase(s); HSV-1, herpes simplex virus type 1.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 839 taining E medium. After 11-14 days, the dishes were rinsed, and the cells were fixed with methanol and stained with Giemsa; colonies containing 50 or more cells were counted. The frequency of induction of TK' cells able to grow in HAT medium was corrected for the plating efficiency of the cells. In all experiments, spontaneous reactivation of the TK gene was determined in parallel cultures of cells not exposed to insulin.
Identification of HSV-1 TK. HSV-1-specific TK was identified by using polyacrylamide disc gel electrophoresis as described (1, 2).
Southern Blot Analysis of the HSV-1 TK Gene. Restriction endonuclease reactions with Msp I, Hpa II, EcoRI, BamHI, Sma I, and Hha I (New England BioLabs or Boehringer Mannheim) were carried out by using up to 4 times the amount of enzyme recommended by the manufacturer (to ensure digestion to completion). Digested DNA samples were electrophoresed in 0.8% or 1% agarose gels and transferred to nitrocellulose filters by the method of Southern (11) . Blots were hybridized with a 32P-labeled nick-translated plasmid pHSV106, which contains the 3.4-kb BamHI TK fragment of HSV-1 DNA (12). After hybridization, blots were washed, dried, and autoradiographed (Kodak X-Omat) at -80'C against an intensifying screen for 1-8 days.
RESULTS
Induction of the TK' Phenotype by Insulin. We had dem- From experiment to experiment, we have observed considerable variation in the frequency of insulin induction, and no induction of TK+ cells was observed in approximately 15% of the cultures treated with either 1 jig or 100 pg of insulin per ml. In an attempt to investigate the variability in the frequency of insulin induction of TK+ cells, experiments were set up in which five parallel cultures (set up immediately prior to testing from a single stock culture) were exposed to insulin at 100 pg/ml along with five sets of untreated controls. The results of one such experiment are shown in Table   Table 1 2. Significant induction of the TK' phenotype occurred in four of the five insulin-treated cultures. However, it is apparent that even in parallel cultures, treated identically and at the same time, considerable variation exists in the frequency of induction. The reasons for this variation remain to be elucidated. Other experiments were conducted in which the time of insulin exposure was varied. In these experiments induction of TK' cells was not seen with less than 3 days of exposure of the cells to insulin at 100 jig/ml (followed by 2 days of expression time). With 3 days of exposure to insulin (followed by 2 days of expression time), the average induction frequency was 1.6 x 1i-5 (average of three independent determinations). With 5 days of exposure to insulin (followed by 2 days of expression time), the average induction frequency was 1.2 x 10-5 (average of three determinations). Exposure of cells to insulin for up to 4 wk (with appropriate renewal and passaging of cells) caused no further increase in induction frequency. These data suggest that 3 days of exposure to insulin is sufficient for maximal induction.
Origin of TK Activity in Insulin-Induced TK' Cells. TK' cells induced by insulin were tested to determine whether their TK activity was of viral origin. Cellular extracts were prepared and analyzed by polyacrylamide disc gel electrophoresis (1, 2). The peak of HSV TK activity from two insulin-induced TK' lines, HT-Y/I-2B and I-2C, was observed at an Rf of 0.3-0.4, corresponding to the peak of HSV TK activity seen in LH-2 (TK+) cells. Analysis of the extracts of HT-Y cells showed no significant TK activity. These data indicate that the TK activity observed in the insulin-induced TK' cells is indeed of viral origin.
Insulin Selection for Preexisting TK' Cells. Experiments were carried out to test the possibility that insulin is not inducing TK activity in TK-cells but rather is selecting for preexisting TK' cells in the population. To determine whether or not insulin confers a selective growth advantage on preexisting TK' cells, insulin-induced HT-Y/I-2B (TK+) cells were mixed with HT-Y (TK-) cells at a ratio of 1:100. The mixtures were cultured in the presence or absence of insulin (100 pg/ml) for 5 days (followed by 2 days of expression time) and then plated in HAT medium to determine the frequency of TK' cells. If insulin selects for preexisting TK' cells, then the ratio of TK' to TK-cells after growth in insulin should be greater than the 1:100 original input ratio. However, the ratio of TK' to TK-cells in the population did not change significantly as a result of insulin treatment (1.1:100 in the absence of insulin treatment versus 1.4:100 with insulin treatment). These results suggest that insulin does not enrich for preexisting TK' cells but instead actually induces the TK+ phenotype. 2) . Therefore, the stability of the insulin-induced TK+ phenotype in the absence of HAT selective pressure was determined. The In order to further examine the low induction frequency, two TK-subclones were isolated at random from the HT-Y (TK-) line, and they were tested for insulin inducibility. Both TK-subclones were inducible by insulin, and the average induction frequency of TK' cells with these two subclones exposed to insulin (100 ,ug/ml) was 5. was analyzed by using the restriction endonuclease Msp I and its methylation-sensitive isoschizomer Hpa II. As previously shown (3), the TK gene in LH-2 cells (Fig. 1, lanes D  and G) was cut into low molecular weight fragments with both Hpa II and Msp I, indicating little or no methylation within the gene (at least not at the C-C-G-G restriction site recognized by these enzymes). The TK gene in HT-Y (TK-) cells gave rise to several higher molecular weight bands when cut with Hpa II (Fig. 1 , lane E) but not with Msp I (Fig.  1, lane H) , indicating that the TK gene in these cells was methylated. With the insulin-induced TK' clones, the TK genes in both HT-Y/I-2B (Fig. 1, lanes L and N) and I-2F (Fig. 1, lanes M and 0) revealed methylated sites when analyzed with Hpa II and Msp I, respectively. However, the methylation patterns were different in these two insulin-induced lines, and they also differed from the methylation pattern in HT-Y cells. Examination of the methylation patterns with Sma I, another methylation-sensitive endonuclease, also showed that the TK genes in both HT-Y/I-2B and I-2F were methylated but that their methylation patterns were different from each other and from that seen in HT-Y cells (data not shown). Analysis of the methylation patterns by using the methylation-sensitive endonuclease Hha I also revealed methylated sites in the TK genes of HT-Y/I-2B and I-2F. (14) . In order to investigate the possibility that insulin responsiveness is a feature of the viral TK gene itself, attempts Because induction of the TK gene with insulin requires levels much higher than physiological concentrations, it is possible that insulin is not inducing the TK gene through interaction with its own receptor. Instead, insulin may be interacting with the receptors for other hormones or growth factors, for which receptors insulin has a very low affinity. If this were true, then other peptide hormones or growth factors might be capable of inducing the TK gene in HT-Y cells.
ABC DE
The results of the studies presented above suggest that the transfer of foreign DNA into mammalian cells, with its subsequent random integration into the host cell genome and expression under the control of the host genome, may provide a general approach to the identification and isolation of cellular genes or regulatory sequences that might otherwise be inaccessible. The usefulness of gene transfer for probing gene activity in embryonic systems also has been suggested recently, based as in our studies on random integration of foreign DNA into host sequences (16) .
More specifically, these results provide a new system for studies of the molecular mechanisms by which insulin influences gene expression. These results also raise the possibility of cloning the "insulin responsive sequence" responsible for the insulin induction of the HSV-1 TK gene in HT-Y cells.
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